The deformation and damage mechanisms in wrought, double-aged, Inconel718 superalloy (AMS 5663D) tested under monotonic tensile strains of 2% and lo%, fully-reversed fatigue, and tensile strain (2% or 10%) followed by fully-reversed fatigue conditions were investigated by examining the microstructures of representative specimens. All tests were conducted in air at room temperature. The specimens were sectioned and examined by transmission electron microscopy to reveal typical microstructures as well as the active deformation and damage mechanisms. Specific mechanistic features addressed include the type of slip, interaction of dislocations with y", y' and the carbides (precipitated during solidification and the subsequent heat treatment received by the superalloy), twinning, and microcracking. In all cases the microstructure of the as-received superalloy is employed as the reference to establish the nature and distribution of the secondary phases before the superalloy is subjected to different types of mechanical loading. Results of the investigation and comparisons of the mechanisms of deformation and damage observed under monotonic tensile strain, fully-reversed fatigue, and tensile strain followed by fully-reversed fatigue in Inconel 718 superalloy are reported.
Introduction
The nickel-base superalloy, Inconel 718 is a high-strength, high-ductility material with excellent fabrication characteristics. Its response to age hardening is sluggish and this property enables it to be welded and annealed with no spontaneous hardening. Due to these attractive properties, Inconel 718 has been extensively used as a structural material in the aerospace industry for a variety of applications such as, gas turbine engine disks, blades, and shafts (l), large structural castings (2) , and powerhead components in the Space Shuttle Main Engine (3) . In view of the importance of Inconel718, detailed investigations on different aspects of the physical metallurgy of this alloy have been conducted by various researchers (4-9).
The major intermetallic phases known to precipitate in Inconel718 are the metastable y' and y" and the equilibrium 8 phase (4) (5) (6) (7) (8) (9) . The y' [Ni,(Al, Ti)] is a coherent face-centered cubic phase (Ll, structure) with a volume fraction of approximately 4% (4) (5) (6) . The primary strengthening phase y ", which precipitates coherently as ellipsoidal, disc-shaped particles on { 100) planes of the fee matrix (4) (5) (6) (7) , is based on the composition, Ni,Nb and has an ordered body-centered tetragonal (DO,,) structure. The y" has three variants and a volume fraction of about 1520%.
The orthorhombic 8 preferentially nucleates at the grain boundaries and grows into plates along { 111) planes in the matrix (7, 8) with the composition, Ni,Nb. The occurrence of Laves, primary MC carbides (Nb or Ti) and TiN phases has been reported in Inconel 718 (8) .
In spite of wide ranges of applications, only a limited number of investigations have been conducted on the mechanisms associated with the tensile and cyclic deformation behaviors of this alloy (5, 6, (10) (11) (12) . In this paper, the room temperature deformation and damage mechanisms in double-aged, wrought Inconel 718 (designed to give optimum properties) are reported for conditions of monotonic tensile strain, fully-reversed fatigue, and monotonic tensile strain followed by fully-reversed fatigue. The substructural changes in Inconel 718 at room temperature under monotonic and cyclic loading conditions are characterized and compared with those published in the literature (5, 6, (10) (11) (12) .
Material and Exnerimental Details
Comnosition. Heat Treatment, and Samule Prenaration for Microstructure
The wrought Inconel 718 superalloy, manufactured to AMS 5663D, was obtained in the form of 31.8 mm dia. bars. Composition of the superalloy in wt. pet. is as follows: 0.002 S; 0.004 B; 0.006 P; 0.034 C; 0.05 Cu; 0.07 Si; 0.12 Mn; 0.39 Co; 0.57 Al; 0.95 Ti; 2.87 MO; 5.19 Nb+Ta; 17.52 Cr; 53.58 Ni; balance Fe. The material was heat treated by the manufacturer as follows: Solution annealing at 1227 K for 1 h and water quenching + Ageing at 991 K for 8 h and furnace cooling to 894 K + Ageing at 894 K for 10 h. Sample for optical microscopy was etched electrolytically using a solution consisting of 5 ml H,SO,, 8 gm CrO, and 85 ml H,PO, and a potential of 4V (0.5 A) for nearly 30 set (13) . Samples for transmission electron microscopic observations were taken from the gauge sections of monotonically strained and fatigued specimens. These samples were mechanically thinned to 150 urn followed by electrolytic thinning in a bath containing 20% perchloric acid and 80% methanol at a potential of 22V and a temperature below 235K. The samples were examined in a transmission electron microscope (TEM) operating at 120 keV.
Exnerimental Details
Solid, uniform gauge section, specimens with a diameter of 6.25 mm were machined from the wrought bars of Inconel 718 superalloy. These specimens were tested at room temperature, in laboratory air, in a servohydraulic fatigue testing system. Strains in the uniform gauge sections of the specimens were measured with a 12.7 mm gauge length extensometer. Three types of experiments were conducted on the Inconel718 specimens. First, monotonic tensile strains of 2% or 10% were imposed on the specimens under stroke-control with limits imposed on the axial strains. Next, fully-reversed, fatigue tests were conducted to failure under total axial strain-control on as-received specimens as well as specimens previously subjected to monotonic tensile strains. The test matrix and the test conditions are shown in Table I . Failure in fatigue tests was defined as separation of the specimen into two pieces. 
As-Received Microstructure and Tensile Pronerties
The alloy contained equiaxed grains with an average linear intercept grain size of 10 pm (Fig. 1 ). This fine grain size is a consequence of the lower solutioning temperature adopted. The doubleage heat treatment resulted in high yield and ultimate tensile strengths at room temperature. The average room temperature tensile properties of the as-received material are as follows: i) 0.2% offset yield strength: 1140 MPa, ii) ultimate tensile strength: 1410 MPa, and iii) percent reduction in area: 43.3. No clearly discernable precipitates could be resolved using optical microscopy. Therefore, transmission electron microscopy was used to reveal the phases and image them (Fig. 2) . At the end of the double ageing treatment, the microstructure consisted of homogeneously distributed y" phase in the intragranular regions. Bright field TEM micrograph presented in Fig. 2a clearly shows y " particles and the associated coherency strain fields surrounding these particles. The discshaped y" particles are about 20 nm in diameter and 5 nm in thickness. These observed dimensions for y" are in agreement with those reported by other investigators for Inconel718 (4, 5, 14) . Prior austenite grain boundaries were found decorated with either NbC (Figs. 2b or 2c) or equilibrium &phase (Fig. 2d ). Zones free from y" particles, however, were not seen around these grain boundaries. The 6 precipitates appeared like needles whereas the carbides showed plate morphology with continuous network on some of the boundaries. A needle-shaped phase, probably either Laves (8) or intragranular 8 (14) , was also noticed in the as-received Inconel718 superalloy (Fig. 2e ).
Cvclic Stress Resnonse
The evolution of stress range with the number of cycles in the fully-reversed fatigue tests is shown in Fig. 3 . Inconel 718 cyclically softened at both strain ranges after a small amount of hardening during the initial cycles. The degree and rate of cyclic softening was higher for the 2% strain range fatigue test compared to the 0.8% strain range test. The variation of stress range with the number of cycles for the fatigue tests on tensile pre-strained specimens is shown in Fig. 4 . In computing the stress values for the tensile pre-strained specimens during the fatigue portions of the tests, the reductions in the cross-sections of the specimens due to the monotonic tensile strains were properly taken into consideration. Even in the case of monotonically strained specimens, Inconel 718 cyclically softened during the fatigue.
At a strain range of 2% during fatigue, the specimen subjected to 10% tensile pre-strain exhibited a higher stress range than the specimens subjected to 2% tensile pre-strain and no tensile prestrain. This result is not unexpected because the material is hardened by the 10% monotonic tensile strain imposed prior to fatigue testing. Comparison of Figs. 3 and 4 clearly shows that at a strain range of 0.8%, during fatigue, the stress range of the specimen subjected to 10% monotonic tensile strain is lower than that from the specimen with no monotonic strain. This result, which is unexpected and can not be explained by the hardening associated with monotonic tensile strain, will be discussed in detail later.
Fatipue Lives
At a strain range of 2%, monotonic tensile straining did not have a significant effect on the subsequent fatigue life of Inconel 718 at room temperature, with the 2% tensile pre-strained specimen yielding nearly the same life as the specimen with no pre-strain and the 10% tensile pre-strained specimen yielding slightly lower life than the specimen with no pre-strain (Figs. 3  and 4) . However, at a strain range of 0.8%, fatigue life of the specimen subjected to 10% tensile pre-strain was lower by nearly a factor of five compared to the life of the specimen with no prestrain. This reduction in life is due to the non-linear accumulation of fatigue damage in Inconel 718. The mechanisms leading to this behavior will be discussed subsequently.
Deformation and Damage Mechanisms
Monotonic Tensile Strain. In order to study the post tensile deformation dislocation structures produced in the as-received alloy, samples deformed to 2 and 10% tensile strains were examined. In both cases, predominantly planar dislocation arrangements were observed ( number of dislocation pairs were noticed in samples subjected to 2% monotonic tensile deformation and these were generally associated with y" particles (Fig. 5b) . Oblak et al. (5) and Chaturvedi and Han (6) also observed pairs of dislocations in monotonically strained Inconel718. Presence of dislocation pairs is an evidence of shearing of ordered particles (y ") by glide dislocations (6) . At 10% monotonic tensile strain, deformation continued in planar arrays with a higher density of planar slip bands and narrower band spacing (Fig 5c and 5d ) compared to 2% tensile strain. Slip bands remained diffused probably as a consequence of the occurrence of cross slip within the bands.
Fully-Reversed Strain-Controlled Fatigue. Co-planar slip, dislocation pairs (evidence of y" shearing), and the pile-up of dislocations near grain boundaries were observed in the specimen fatigued at a strain range of 0.8% (Figs. 6a and 6b) . Continuation of a well-defined slip band into an adjacent twin across the boundary was also noticed in the same specimen (Fig. 6~) . In Inconel 718 at room temperature under fatigue, channelization of deformation seems to occur in planar slip bands after y" particles are sheared during the initial stages of the cycling. It is surmised that with cycling y" particles are successively sheared in the slip band, in the first few cycles, with an associated reduction in their size up to a point where they can no longer offer any resistance to the passage of dislocations in the slip band. Once the shearing of y" occurs, the trailing The "mechanical scrambling" of the precipitates in the slip bands seems to be the mechanism behind the observed cyclic softening in Inconel718 (Fig. 3) . In the fatigue sample tested at a strain range of 0.8%, some of the deformation bands were virtually devoid of y " (Fig. 6d) . It must also be mentioned that tilting of the TEM foils failed to reveal any sort of precipitates within these deformation bands. Several others have also observed planar slip and precipitate-free deformation bands in Inconel 718 fatigued at room temperature (10) (11) (12) .
At a strain range of 2%, in addition to the features observed at 0.8% strain range, a small amount of microtwinning was observed (Fig. 6e ). The number (or density) of planar deformation bands was larger at 2% strain range compared to 0.8 % strain range. Micro-twinning was reported by Fournier and Pineau (11) in Inconel 718 tested at room temperature in fatigue. At both strain ranges fatigue crack propagation occurred in a transgranular manner.
Monotonic Tensile Strain Followed bv Fatigue. In the specimen tested at a strain range of 2% after a prior tensile deformation of 2%, closely spaced planar slip bands with dislocationdislocation interactions within the bands were observed (Fig. 7a) . The spacing between the slip bands was smaller compared to the 2% monotonically strained sample indicating that additional slip bands were activated during the subsequent fatigue testing at 2% strain range. Deformation induced precipitate-free channels, similar to those observed in fatigue tested samples without any tensile pre-strain, were also noticed (Fig. 7b) . However, surrounding these channels very fine spherical precipitates of y' were present. This observation gives an indication that in addition to the shearing of primary strengthening phase y", the shearing of y' is also occurring in this alloy.
Average slip band spacing in the specimen tested under fatigue at a strain range of 2% after a monotonic strain of 10% (Fig. 8a) is wider than that in the specimen tested in fatigue at the same strain range with a 2% tensile pre-strain (compare Figs. 7a and 8a ). This indicates that 600 -Substructure in Inconel 718 tested under a monotonic tensile strain of 2% followed by fatigue at a strain range of 2% deformation during fatigue in the specimen subjected to 10% tensile pre-strain is mostly conlined to the deformation bands activated during monotonic straining. Heavy localization of deformation in planar slip bands and dislocation tangles within the deformation bands were observed (Figs. 8a, 8b and 8c). Occasional dislocation pairs and dislocation-dislocation interactions were noticed in between the well-defined slip bands in the matrix (Fig. Sd) . The shearing of y" within the matrix could occur because of the extensive work hardening in the slip bands. It appears that the increased internal resistance due to dislocation tangling within the slip bands is much larger than the stress required for initiating the shearing of y" in the inter slip band regions.
The deformation even in the specimen tested under 10% monotonic tensile strain followed by fatigue at a strain range of 0.8% was confined mainly to the planar slip bands. Some dislocation tangling could be seen within the bands (Fig. 9 ). Homogeneous distribution of dislocations was noticed near some of the grain boundaries. However, at the lower strain range the matrix region between the slip bands was relatively free of dislocations. The 10% tensile pre-strain appears to have decreased the capacity for subsequent activation of additional slip bands during fatigue at the lower strain range of 0.8%.
Discussion
Deformation in Inconel 718, was inhomogeneous and occurred along multiple planar arrays at room temperature. Under monotonic tensile strain the deformation bands showed evidence of dislocation-precipitation interaction. Presence of pairs of dislocations clearly indicated that the main strengthening precipitates, y", are sheared by glide dislocations (5, 6) . Dislocations piled-up against the ordered precipitate increase the internal stress in the precipitate, until a dislocation passes through the precipitate. This disturbs the ordering of the precipitate and creates an Figure 8 -Substructure in Inconel 718 tested under a monotonic tensile strain of 10% followed by fatigue at a strain range of 2% antiphase boundary within the particle and raises the energy level of the system. Passage of a second dislocation through the precipitate restores the order and reduces the energy level ($15). Shearing of y" precipitates in slip bands, during the initial stages, sets up preferential paths for the movement of dislocations during the progressive deformation of the material.
Under fully-reversed fatigue, as the cycling continues, the strengthening y" precipitates present in slip bands seem to get sheared into separate halves by the leading dislocations. After this initial Figure 9 -Dislocation tangles within planar slip bands in Inconel 718 tested under a monotonic tensile strain of 10% followed by fatigue at a strain range of 0.8% splitting of y", the trailing dislocations in the same slip plane would repeatedly shear the y" precipitates and continuously reduce their size to an extent that they offer very little or no resistance to the movement of dislocations. This phenomenon causes cyclic softening and leads to apparently precipitate-free deformation bands. Such bands were observed in Inconel 718 by Merrick (10) and Worthem et al. (12) . Fournier and Pineau (1 l), who also observed similar bands in Inconel 718, believed that the deformation bands are only apparently denuded of the precipitates and attributed cyclic softening to the reduction of the mean size of the precipitates and an alteration in the original stacking sequence of y" precipitates, unlike Merrick (lo), who attributed it to mechanical dissolution of precipitates. The mechanical destruction of the precipitates and associated reduction in their size is a highly viable explanation for cyclic softening. Shearing of precipitates was reported as the primary mechanism for softening in other superalloys such as Waspaloy and Nimonic 80A (15) , which also contain small volume fraction of precipitates as in the case of Inconel718. Fournier and Pineau (11) identified the deformation bands as twins in Inconel718. In the present study, microtwinning was observed mainly in the higher (2%) strain range fatigue test whereas slip bands were observed at both strain ranges.
The lower stress range observed in the 0.8% strain range fatigue test on a specimen pre-strained to 10% tensile strain (Figs. 3 and 4) is due to the damage caused to the y" precipitates along a few well-defined slip bands during the pre-strain. Subsequent deformation during fatigue was confined to these well-defined slip bands, which permitted movement of dislocations with lower resistance, and thus lowering the stresses necessary to achieve the required strain range. The tensile pre-strain of lo%, reduced the fatigue life of the alloy at the lower strain range (0.8%) by nearly a factor of 5. The observed life reduction could bc due to two separate mechanisms. Concentration of slip in a few bands within the bulk of the material makes deformation very inhomogeneous and increases stress concentration at the intcrscctions of slip bands and grain boundaries, which can serve as potential micro crack initiation sites. Since in a material deformed under monotonic tensile strain, it takes fewer cycles to pile-up dislocations at potential crack initiation sites, fatigue life of the deformed material is reduced compared to the as-received material. In addition, it might be expected that on the sample surface, deformation bands induced during tensile pre-strain would create microscopic steps, which are known to act as crack initiation sites (16) . As a result, the crack initiation phase will be shortened with an associated reduction in overall fatigue life, particularly at the low strain ranges where the crack initiation phase constitutes a major portion of fatigue life.
Conclusions
The mechanisms of deformation and damage at room temperature in commercially heat-treated Inconel 718 were investigated under monotonic tensile deformation, fully-reversed fatigue, and monotonic tensile deformation followed by fatigue. The following conclusions are drawn from the present study. 1) At room temperature, deformation in Inconel 718 under monotonic tensile strain and fatigue occurred by co-planar slip. Dislocation pairs observed in the slip bands indicated that ordered y" precipitates were sheared during the deformation process.
2) In fatigue, at a strain range of 0.8%, deformation occurred mainly by co-planar slip. At 2% strain range, in addition to co-planar slip some microtwinning was observed.
3) Cyclic softening observed during fatigue is attributed to the continuous "mechanical scrambling" of y" precipitates by dislocations in deformation bands, which eventually lead to the formation of precipitate-free deformation bands.
4)
In specimens that were monotonically strained in tension followed by fatigue testing, deformation during the fatigue part of the test occurred mostly along the deformation bands activated during the monotonic tensile strain. In the test where the monotonic tensile strain is much larger than the subsequent fatigue strain range, the cyclic stress range observed during test was lower than that observed in the test without any pre-strain. This reduction in stress range is due to the channelization of deformation along the slip bands in which dislocation-precipitate interactions reduced the size of y" precipitates in the slip bands during the tensile pre-strain. 5) At a given strain range, the observed reduction in the fatigue lives of specimens that were monotonically pre-strained in tension compared to fully-reversed fatigue tests on specimens with no pre-stains is attributed to the ease with which dislocations can move along the deformation bands (activated during monotonic tensile strain) and pile-up at grain boundaries, which eventually makes the material susceptible to fatigue crack initiation at the grain boundaries. Microscopic steps induced on the specimen's surface by the tensile pre-strain might also contribute to the reduction in life by shortening the crack initiation phase of the overall fatigue life.
